Abstract. The anticancer effects elicited by epigallocatechin gallate (EGCG) are well established in various models of cancer, while raloxifene is as an established selective estrogen receptor modulator (SERM), which is not yet clinically utilized for the treatment of breast cancer. Previous study from this laboratory has demonstrated that the combination of EGCG (25 μM) and raloxifene (4 μM) elicits a strong cytotoxic response in MDA-MB-231 human breast cancer cells, which lack the estrogen receptor (ER) and erbB-2/ Her-2 receptor. This study was therefore designed to probe the mechanism underlying this cytotoxic response, with an emphasis on determining how the combination treatment influenced the total expression and phosphorylation of key signaling proteins. Specifically, following 12 and 18 h of the combination treatment, we observed significant decreases in the phosphorylation of the epidermal growth factor receptor (EGFR), AKT, mammalian target of rapamycin (mTOR) and S-6-kinase (S6K), and significant increases in the phosphorylation of stress activated protein kinases (SAPKs). Furthermore, these changes were associated with a reduction in the nuclear localization of p65, a major subunit of NF-κB. These results demonstrate that the combination of EGCG and raloxifene effectively reduced the mitogenic and survival signaling in MDA-MB-231 cells. Thus, this combination warrants further experimentation as a potential treatment for ER-negative breast cancer.
Introduction
Breast cancers have traditionally been categorized according to the estrogen receptor (ER) status of the tumor (1) (2) (3) (4) . However, in more recent years it has become evident that as a disease breast cancer is heterogeneous beyond this traditional classification method. Therefore, several groups have generated more descriptive classifications, based on tissue microarray analyses of breast tumors (5) (6) (7) (8) (9) . As this method of classification relies on a global assessment of mRNA expression, and involves the use of hierarchical gene clustering, more clearly defined subgroups of breast cancers have been described from these initial tumor sets. Specifically, four major groups were outlined, and include the ER-positive, luminal A and luminal B classifications, the ER/Her-2 classifications and the basal-like classification, which lacks the expression of ER· and Her-2 (5-9). The current breast cancer therapeutics utilized in the clinic, tamoxifen and herceptin, are targeted toward the ER and erbB2/Her-2 proteins, respectively (10) (11) (12) . Accordingly, both of these drugs rely upon the tumor expression of the aforementioned proteins in order to be efficacious (13) . While a significant proportion of breast cancers express either one or other of these proteins, the basal-like subset of breast cancers express neither (5) (6) (7) (8) (9) . Therefore, these tumors are intrinsically refractory to current drug therapies employed for the successful treatment of breast cancers.
One option for treating these cancers may be to utilize existing breast cancer drugs in combination with other compounds. Currently, tamoxifen, a selective estrogen receptor modulator (SERM) is utilized in the clinic for the treatment of ER·+ tumors and for the prevention of breast cancers in high-risk individuals. Recently the Study of Tamoxifen and Raloxifene (STAR) trial determined that raloxifene, a newer generation SERM, was as efficacious as tamoxifen for the prevention of ER-positive breast cancer (14) , while the Multiple Outcomes of Raloxifene Evaluation (MORE) trial demonstrated that raloxifene was a highly efficacious drug for the treatment of invasive ER-positive breast cancers (15) . Importantly, raloxifene therapy was not associated with adverse uterine effects, which are observed with tamoxifen treatment (14, 15) . Therefore, raloxifene represents a viable treatment option for breast cancer.
Our laboratory has previously demonstrated that the combination of raloxifene and EGCG is particularly cytotoxic toward the aggressive, basal-like (ER-negative/HER-2-negative) MDA-MB-231 cell line (16) . Specifically, we have shown that the combination of EGCG and raloxifene elicited a strong apoptotic response, which occurred independently of cell cycle changes (16) . Therefore, the aim of the current study was to further investigate whether this treatment regime ONCOLOGY REPORTS 24: 779-785, 2010 
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In vitro mechanism of action for the cytotoxicity elicited by the combination of epigallocatechin gallate and raloxifene in MDA-MB-231 cells elicited changes in the phosphorylation status of various cell signaling proteins in order to further determine the therapeutic potential of this drug combination. Whole cell lysate preparation. MDA-MB-231 or MCF-7 cells were plated in 100 mm culture dishes at a density of 2x10 6 cells per dish, in 20 ml of DMEM media supplemented with 10% FBS, 1% antibiotic/antimycotic solution and 0.2% NaHCO 3 . Cells were treated with EGCG (25 μM) raloxifene (4 μM), EGCG + raloxifene or DMSO (0.1%) for 0-18 h. Cell lysates were prepared as previously described (16) . Protein concentration was determined using the BCA assay (17) and the samples were stored at -80˚C for a maximum of 6 months.
Materials and methods

Chemicals
Nuclear and cytosolic fraction preparation. MDA-MB-231 cells were seeded as described for whole cell lysate preparation, and all procedures were carried out at 4˚C. At the end of each treatment, media were removed, and 4 ml of ice cold buffer A (10 mM Hepes, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, pH 7.8) was added, and cells were detached using a cell scraper, transferred to a fresh tube, and dishes washed with buffer A. Cells were pelleted and resuspended in 0.2 ml of fresh buffer A with the addition of 1 mM DTT and 1 mM PMSF. Cells were transferred to a 1.6 ml microfuge tubes, and 4.8 μl of 25% NP-40 was added to each tube, after which tubes were centrifuged at 10,000 x g for 1 min at 4˚C and the pellet was washed in 0.1 ml of buffer A with the addition of 1 mM DTT, 1 mM and 2.4 μl of 25% NP-40. Cells were vortexed and centrifuged again at 10,000 x g for 1 min at 4˚C. The supernatant (cytosolic sample) was removed to fresh tubes and placed on ice, and the pellet was resuspended in 110 μl of buffer B (20 mM Hepes, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF; pH 7.9). Tubes were then mixed continuously for 45 min at 4˚C, after which tubes were then centrifuged for at 10,000 x g for 10 min at 4˚C, and the supernatant (nuclear sample) was collected, aliquoted and snap frozen. All procedures were carried out at 4˚C. Protein concentration was determined using the BCA assay (17) and the samples were stored at -80˚C for a maximum of 6 months.
Western immunoblotting. Discontinuous polyacrylamide gels were used to separate 15 μg of protein lysates, as previously described (16) using a Bio-Rad Mini-Protean III apparatus. Proteins were transferred to a nitrocellulose membrane using a Bio-Rad Semidry Transblotter, after which membranes were blocked in 5% non-fat milk powder, and exposed to primary antibodies overnight, then secondary and tertiary antibodies, before visualization using the alkaline phosphatase detection system. Bands were analyzed by densitometry with a Bio-Rad GS-710 Calibrated Imaging Densitometer and analyzed using Image Quant™ TL software (Amersham).
Statistical analyses. For data that did not involve time, statistical analyses were undertaken using a one-way analysis of variance (ANOVA) coupled with Bonferroni post-hoc test. For data that did involve time, statistical analyses were undertaken using a two-way ANOVA coupled with a Bonferroni post-hoc test. For both types of analyses, p<0.05 was the minimum requirement for a statistically significant difference.
Results
Effect of combination treatment on intracellular signaling proteins. As we had previously observed changes in the phosphorylation of EGFR and AKT signaling proteins in MDA-MB-231 cells following combination treatment with EGCG and raloxifene (16), we decided to perform a more comprehensive investigation into the effect of this treatment on intracellular signaling proteins. Here, we investigated the expression of EGFR and AKT expression and phosphorylation over a time-course. We further explored downstream signaling targets of these proteins, including mTOR, S6K, ERK1/2 as well as the SAPKs, JNK1/2 and p38 (Fig. 1) . pEGFR levels were significantly reduced by EGCG + raloxifene versus all other treatments following 6, 12 and 18 h (82.6±4.6%, 78.7±1.9% and 78.4±4.1% of control, respectively, p<0.05) ( Fig. 2A) . Next we investigated the expression and phosphorylation of AKT at Ser473, where pAKT was significantly reduced by the combination treatment after 6, 12 and 18 h (91.9±2.1%, 83.2±2.0% and 68.9±2.3% of control, respectively, p<0.05) (Fig. 2B) . Next, we investigated mTOR expression and phosphorylation, where the combination treatment significantly reduced the levels of pmTOR compared to all other treatments following 6, 12 and 18 h (64.5±6.2%, 38.7±4.7% and 59.3±4.5% of control, respectively, p<0.05) (Fig. 2C) . S6K is a downstream target of mTOR, therefore we investigated the total expression and phosphorylation of S6K, where, with the exception of the 12 h time point, which was only significant against the control and EGCG (57.7±9.5 of control, p<0.05), the combination treatment significantly reduced S6K phosphorylation versus all other treatment groups (39.9±7.2% and 53.9±8.6% of control after 6 and 18 h, respectively, p<0.05) (Fig. 2D) . EGCG + raloxifene did not significantly alter the total expression of p38, however 18 h of combination treatment significantly increased p38 expression versus all other treatments (114.9±4.2% of control, respectively, p<0.05) (Fig. 2E) . Similarly, the only significant increase in p38 phosphorylation occurred following 12 and 18 of combination treatment, where this was significant versus all other treatment groups (119.8±16.1 and 143.7±11.8% of control, respectively, p<0.05) (Fig. 2F) . The combination treatment also increased JNK1/2 expression after 18 h versus control (126.1±12.3% of control, respectively, p<0.05) (Fig. 2G) , and increased the phosphorylation of JNK1/2 after 12 and 18 h of treatment, where this was significant compared to all other treatments (132.0±8.8% and 153.6±16.4% of control, respectively, p<0.05) (Fig. 2H) .
Confirmation of a viable EGFR and a lack of ER response in MDA-MB-231 cells.
To demonstrate that the MDA-MB-231 cells exhibit a viable EGFR response, cells were serum starved for 24 h and treated with 100 ng/ml of EGF for 5, 10, 15 and 30 min, after which cell lysates were prepared and subjected to Western blotting. A clear kinetic response was observed with the phosphorylation of the EGFR, AKT, ERK1/2 and S6K, indicating the downstream activity of EGFR stimulation in the MDA-MB-231 cells (Fig. 3A) . Furthermore, to illustrate that raloxifene cannot be acting as an ER· antagonist, MDA-MB-231 cells and MCF-7 cells were treated with ethynlestradiol (100 nM) or EGCG (100 μM) and the protein expression of ER· and ERß was then determined by Western blotting. The results showed that our MDA-MB-231 cells do not express ER· protein and that EGCG (100 μM) did not restore ER· expression (Fig. 3B) . Thus there was no ER· for raloxifene to antagonize following combination treatment and the effects elicited by the combination of raloxifene and EGCG are not mediated through the ER.
Nuclear localization of NF-κB following combination treatment. One important downstream target of EGFR/AKT
signaling is the nuclear factor-κB (NF-κB) family of transcription factors. Importantly, NF-κB is constitutively active in MDA-MB-231 cells (18, 19) , and the basal-like subtype of breast cancer exhibits a high degree of NF-κB activity (7, 8) . Therefore, we investigated the nuclear localization of one of the major NF-κB subunits, p65. Following treatment with EGCG + raloxifene, p65 nuclear translocation was significantly decreased from all other treatments following 6, 12 and 18 h (47.3±4.8%, 49.7±4.5% and 71.2±7.8% of control, respectively, p<0.05) (Fig. 4A) . This reduced nuclear localization of p65 was associated with an increase in its cytosolic expression (137.8±7.2%, 132.6±8.2% and 127.6±8.9% of control, respectively, p<0.05) (Fig. 4B) . As a positive control for p65 nuclear localization, MDA-MB-231 cells were serum starved for 24 h after which they were exposed to 10 ng/ml of TNF-·. Following 5, 15 and 30 min, nuclear expression of p65 was increased to 359.3%, 567.5% and 492.4% of control while the cytosolic expression of p65 was reduced to 81.8%, 45.1% and 26.1% of the control (Fig. 4C) .
Discussion
Previously we have reported that the combination of EGCG and raloxifene exhibits an enhanced cytotoxic response toward MDA-MB-231 breast cancer cells. We demonstrated that this cytotoxicity was elicited as a result of enhanced apoptosis induction, occurring independently of changes in cell cycle progression (16) . We further investigated the mechanism of this effect via Western blotting of total protein expression and phosphorylation of EGFR and AKT proteins, where we observed a significant reduction in the phosphorylation of both proteins following 18 h (16). Therefore, the aim of the current investigation was to further probe the underlying mechanism of this combination treatment. In order to achieve this we investigated the effect of this treatment regime on the expression and phosphorylation of various proteins, important for cell survival and proliferation as well as the nuclear localization of p65, a major subunit of the NF-κB transcription factor complex.
Results from the Western immunoblotting experiments revealed that the combination treatment reduced the phosphorylation of several proteins critical for MDA-MB-231 proliferation and survival. Specifically, we observed significant decreases in the phosphorylation of EGFR, AKT, mTOR and S6K following 6, 12 and 18 h. Complimentary to this observation, the phosphorylation of the SAPKs, JNK1/2 and p38, were increased following 12 and 18 h. Excluding our previous publication, this is the only investigation into the therapeutic potential of this combination treatment in any tissue culture system. With regard to our previous results, the data correlate well with the time-course over which apoptosis induction is observed. Specifically, the greatest reductions in the phosphorylation of EGFR, AKT, S6K and mTOR are observed between 12 and 18 h (with the exception of S6K, where the greatest suppression of phosphorylation occurred after 6 h) while the greatest increases in SAPK phosphorylation were observed after 18 h. Our previous report demonstrated that apoptosis induction was significantly increased versus all other treatments following 12, 18, 24 and 36 h (16) . Importantly, pharmacological inhibition of EGFR, AKT and mTOR in MDA-MB-231 human breast cancer cells all result in the induction of apoptosis. Furthermore, we have also demonstrated in vivo that the concomitant suppression of mTOR, Akt and EGFR results in a powerful tumor suppression (75% smaller than control) in an MDA-MB-231 xenograft model (20) . With this in mind our in vitro data suggest that the combination of EGCG and raloxifene is also likely to elicit a strong tumor suppressive effect in this model.
While other groups have not previously investigated this combination treatment, EGCG has received considerable attention as a potential cancer therapeutic agent. EGCG has been investigated for its ability to modulate the expression and phosphorylation of intracellular signaling proteins in a number of in vitro models of cancer including bladder (21) breast (22), cervical (23) , colon (24) , and prostate (25) . However, evidence for EGCG modulating protein expression or phosphorylation in the MDA-MB-231 cell line is limited. One study demonstrated that 50 and 80 μg/ml of EGCG treatment for 24 h (approximately 109 μM and 174 μM, respectively) decreased the ratio of Ser473 phosphorylated AKT to total AKT by 25% and 90% of control, respectively, while no change was observed in the total expression of AKT in MDA-MB-231 cells (22) . In another study, MDA-MB-231 cells were serum starved for 24 h and treated with 30 μg/ml of EGCG (approximately 65 μM) for a further 24 h. The cells were then assessed for the total expression and phosphorylation of EGFR, AKT and ERK1/2, where EGCG appeared to only alter the phosphorylation of EGFR. However, MDA-MB-231 cells subjected to the same treatment, and stimulated with 50 ng/ml of TGF· 3 h prior to harvesting, exhibited a marked reduction in EGFR and AKT phosphorylation and a modest reduction in ERK1/2 phosphorylation, while total EGFR, AKT or ERK1/2 expression was not altered (26) . Therefore, our observation of reduced EGFR, AKT and ERK1/2 phosphorylation in MDA-MB-231 cells following EGCG treatment is supported by other groups.
As we observed changes in the phosphorylation status of EGFR, AKT, mTOR and S6K, we then sought to investigate how this treatment regime influenced the subcellular localization of p65, a major subunit of the NF-κB family of transcription factors. Importantly, constitutive NF-κB activity is often observed in ER-negative breast tumors (27) , and is a defining characteristic of the basal-like breast cancer subtype (7, 8, 25, 27) . Furthermore, constitutive NF-κB has been reported in the MDA-MB-231 cell line (25, (27) (28) (29) (30) . We observed that the nuclear localization of p65 was reduced after 6, 12, and 18 h, where the combination treatment significantly reduced nuclear localization compared to both EGCG and raloxifene treatments. We further observed that raloxifene significantly reduced p65 nuclear localizations, however EGCG did not elicit any such effect. While raloxifene has been reported to reduce constitutive NF-κB activity in vitro, these studies have exclusively been carried out in ER-positive models (31) (32) (33) . EGCG has also been reported to abrogate NF-κB activity in vitro, however these studies were carried out at concentrations of EGCG exceeding that, which was utilized in this investigation (32, 33) and thus concentrations as low as 25 μM do not alter NF-κB activity.
Previously, we have reported that the combination of EGCG and raloxifene is effective at inducing apoptosis in MDA-MB-231 cells (16) . From the data presented in the current investigation, we have demonstrated that this combination treatment decreases the phosphorylation of three key signaling proteins, mTOR, Akt and EGFR, as well as induces the phosphorylation of the SAPKs, JNK1/2 and P38. Furthermore, these changes in protein phosphorylation were associated with reduced nuclear localization of p65. While EGCG has upregulated the expression of the ER in cell lines that display a low expression of the ER (34), it did not increase the expression of the ER in MDA-MB-231 cells. Therefore, we can conclude that the responses elicited following the combination of EGCG and raloxifene are produced independently of the ER. Overall, these results suggest that this combination treatment be further examined in in vivo models of ER-negative/Her-2 negative breast cancer. Figure 4 . Effect of combination treatment on p65 subcellular localization. Cells were treated with either EGCG (25 μM), raloxifene (4 μM) or a combination of the two for 6, 12 or 18 h. Nuclear and cytosolic extracts were prepared and subjected to Western immunoblotting. Representative Western blots of (A) Nuclear and (B) Cytosolic fractions. C, control; E, EGCG; R, raloxifene; RE, EGCG + raloxifene. Bars represent mean ± SEM optical density of each treatment (n=4). All bands were normalized to actin. Data were analyzed using a two-way ANOVA coupled with a Bonferroni post-hoc test where p<0.05 was required for a statistically significant difference.
* Significantly different from control; # significantly different from all other treatments. (C) Cells were serum-starved for 24 h prior to treatment with 10 ng/ml of TNF-· for 5, 15 or 30 min. Nuclear and cytosolic fractions were prepared and subjected to Western immunoblotting. All bands were normalized to actin and the symbols represent the mean normalized optical density of each treatment (n=4).
